The interaction between the gp120 and gp41 subunits of the human immunodeficiency virus envelope glycoprotein serves to stabilize the virion form of the complex and to transmit receptor-induced conformational changes in gp120 to trigger the membrane fusion activity of gp41. In this study, we used site-directed mutagenesis to identify amino acid residues in the central ectodomain of gp41 that contribute to the stability of the gp120-gp41 association. We identified alanine mutations at six positions, including four tryptophan residues, which result in mutant envelope glycoprotein complexes that fail to retain gp120 on the cell surface. These envelope glycoproteins readily shed their gp120 and are unable to mediate cell-cell fusion. These findings suggest an important role for the conserved bulky hydrophobic residues in stabilizing the gp120-gp41 complex.
The envelope glycoprotein of human immunodeficiency virus (HIV) type 1 promotes the sequential processes of binding to host cell receptors and fusion of the viral and cellular membranes to mediate viral entry. On the virion surface, the envelope glycoprotein complex exists as a trimeric spike comprising the surface and receptor-binding subunit gp120, which is bound through a noncovalent association with the transmembrane (TM) subunit gp41 (reviewed in reference 24) . In this complex, the gp41 subunit is thought to exist in a metastable state that is stabilized by association with gp120. As a result of the sequential binding to CD4 and coreceptor (reviewed in references 2 and 40), conformational changes in gp120 trigger a major structural reorganization of the gp41 glycoprotein (6) . Numerous studies lead to a model in which the N-and Cterminal heptad repeat regions of gp41 refold to form ␣-helices that are ultimately packed to produce the fusion-active sixhelix bundle (reviewed in references 10, 31, and 35 and references therein). The formation of this highly stable core in gp41 is thought to contribute to overcoming the energy barrier to membrane fusion (11, 16, 36) .
The atomic structure of the native gp120-gp41 complex is unknown, in part because of the intrinsic lability of the gp120-gp41 association (3) . This instability is reflected in the facile shedding of gp120 from the cell and virion surface (26) . Stabilization of this association through genetic means is thought to represent a promising approach to the production of envelope glycoprotein immunogens (3, 41) , and several laboratories have sought to define amino acid residues involved in maintaining the native structure.
Broad outlines of the gp120-gp41 interface in the native envelope glycoprotein complex have emerged. In early studies, Sodroski and colleagues applied mutagenesis to the gp120 molecule to identify the N-terminal (C1) and C-terminal (C5) regions as important for the association with gp41 (14, 39) . Within gp41, key determinants of the association with gp120 have been demonstrated in the central ectodomain region (5, 25) . This region is highly conserved among HIV isolates (19) and spans the region between the N-and C-terminal heptad repeats. Central in this region is a disulfide-bonded loop that may facilitate gp41 chain reversal in the folding of the fusionactive six-helix bundle. In type C retroviruses, this central region of the TM glycoprotein is joined to the C-terminal region of the surface glycoprotein by a disulfide bridge (30) . In HIV, scanning cysteine mutagenesis of the C1 and C5 regions of gp120 and of the disulfide-bonded loop region of gp41 has identified multiple sites at which paired cysteine side chains are able to bridge the gp120-gp41 interface (3). One such mutant, SOS gp140 (3), is significantly stabilized in its native oligomeric form. The recent finding that this complex can be indirectly stabilized through specific mutation in the N-terminal helix of gp41 (SOSIP gp140) emphasizes the dynamic nature of the gp120-gp41 interface (29) .
Interactions at the gp120-gp41 interface are therefore critical in maintaining the structure of the envelope glycoprotein complex and in modulating its function in viral entry. In order to further probe the structure and function of this interface, we applied scanning mutagenesis within the central ectodomain of gp41.
Results and discussion. The central ectodomain of gp41 shows remarkable conservation among diverse isolates of HIV within the disulfide-bonded loop and at hydrophobic residues and a significantly lesser degree of identity at hydrophilic amino acids and near the glycosylation sites clustered in the C-terminal region (Fig. 1 ). In our studies, we focused on conserved hydrophobic residues and included additional positions within the central ectodomain region. The present mutations bridge regions previously examined in our studies of the N-and C-terminal heptad-repeat regions (23, 34) .
In choosing sites for mutagenesis, we based certain choices on the known structure of the fusion-active six-helix bundle (7, 33, 36) and the larger trimer-of-hairpins gp41 ectodomain structure (4, 43) . Although it is unlikely that many of the structural elements in the fusion-active core pre-exist in the native gp120-gp41 complex (see references 10 and 35), we wanted to examine whether this known structure might provide insight toward probing of the native complex. In this context, we chose to mutate amino acids that lie buried within the N-terminal coiled coil (E584 and Y586), as well as those that are exposed on its surface (K588, L593, I595, and W596) (see references 4, 25, and 43). To assess the role of these residues in the maintenance of the native gp120-gp41 association, we changed each amino acid to alanine, a small helix-inducing residue that contributes little to protein-protein interactions (9) . Similarly, within the C-terminal region, T606, W610, S613, W614, W623, and T639 were changed to alanine and T626 was altered to methionine, a common polymorphism found in HIV isolates (Fig. 1B) . The S613A, T626M, and T639A mutations eliminate glycosylation signals, and the tryptophan residues were targeted on the basis of their conservation. The cysteine residues that define the disulfide-bonded loop of gp41 are essential for envelope glycoprotein biosynthesis (32) and were not altered. The effect of a charge at K588 and the highly conserved residue K601 was examined by mutation to glutamate or glutamine. In our studies, certain previously examined mutations were included for completeness, i.e., E584A, T626M, and T639A (5) and L593A and K601E (25) .
We assessed the stability of the mutant gp120-gp41 complex by determining the relative retention of gp120 on the cell surface. This determination required a careful analysis of envelope glycoprotein biosynthesis in order to exclude ancillary defects in expression or proteolytic maturation. In our analyses, wild-type and mutant envelope glycoproteins were expressed by transient transfection in COS-7 cells. Overall expression levels were found to be similar for all of the envelope glycoproteins examined ( Fig. 2A) , and in all cases gp120 was shed into the cell culture medium (Fig. 2B ). Expression was quantitated from Western blots by chemifluorescence, using a Fuji FLA-3000G imager and Image Gauge software (Fuji), and the analysis of four independent studies is shown in Table 1 .
The overall expression levels of the mutants relative to the wild-type envelope glycoprotein ranged from 0.84 to 1.13, with an average of 1.03 (Ϯ 0.07 [standard deviation]). No significant differences in the relative degree of gp120 shedding were discerned among the mutant envelope glycoproteins (range, 0.93 to 1.83; average, 1.36 Ϯ 0.28). Shedding was, however, reduced to background levels when proteolytic maturation was blocked by a mutation at the furin-like cleavage site in gp120 (REKR to REKT). The inability to detect differences in gp120 shedding through our measurements of gp120 in the cell culture medium may reflect, in part, the multiple kinetic components that impinge on gp120 accumulation. To specifically examine the stability of the gp120-gp41 complex on the cell surface, we labeled ex- , and the TM and cytoplasmic (cyto) domains. The heptad-repeat motifs are designated by the "a" position and arrows, and glycosylation sites (N-X-T/S) are designated by a modified "Y." Amino acid residues changed in these studies are in boldface. Amino acid positions that are important for the gp120-gp41 association (this study and others [5, 23, 25, 34] ) are indicated by asterisks and in the text. (B) Comparison of central gp41 ectodomain amino acid sequences (19) . The Epilign program available at the Los Alamos National Laboratory HIV database (http://hiv -web.lanl.gov) was used to prepare the alignment, and representative HIV isolates are shown.
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pressing cell cultures with a membrane-impermeant biotinylation reagent and cell surface gp120 was further resolved from gp160 by enzymatic deglycosylation to yield the discrete 55and 94-kDa polypeptides (from gp120 and gp160, respectively) ( Fig. 2C ). The predominant form in all cases was the unprocessed gp160 precursor, presumably reflecting saturation of the proteolytic capacity of the cellular furin-like proteases through overexpression (3, 23, 34) . Nonetheless, the 55-kDa gp120 polypeptide was readily discerned in the majority of mutant envelope glycoproteins (E584A, Y586A, K588Q, K588E, I595A, K601E, S613A, T626M, and T639A). Interestingly, little or no cell surface gp120 was detected in the L593A, W596A, T606A, W610A, W614A, and W623A mutants. Quantitative analysis of all of the mutants (Table 1 ) showed a general reduction in the amount of gp120 relative to the wild-type envelope glycoprotein, with a broad range of 0.00 to 2.19 (average, 0.49 Ϯ 0.56). Among those mutants with the notable lesser amounts of cell surface gp120 were L593A, W596A, T606A, W610A, W614A, and W623A. Only the T626M glycoprotein retained more gp120 than did the wild type. The deficiency in cell surface gp120, in conjunction with the finding that gp120 was shed by these mutants, was taken as presumptive evidence that the gp120-gp41 complex is unstable. Nonetheless, it has been difficult to rigorously exclude the alternative possibility that these mutations reduce the amount of gp120 on the cell surface by affecting proteolytic cleavage (see also references 5, 23, 25, and 34) . In order to resolve this question, and to define the observed defect as one in gp120-gp41 association, we examined the effect of a known cleavagedefective mutation (REKR to REKT) (12) on the amount of gp120 that accumulated in the culture medium. We reasoned that if the gp120 was not generated by specific proteolytic cleavage in the gp41 mutants, then the observed shedding might reflect nonspecific proteolysis of a misfolded gp160 molecule. In this case, the addition of a second mutation at the specific gp160 cleavage site would not be expected to affect the level of gp120 accumulation. By contrast, if furin-like cleavage of gp160 was largely retained in the initial gp41 mutants, then gp120 shedding should be markedly reduced by the introduction of an authentic cleavage defect.
The cleavage-defective mutation was introduced into plasmids encoding the W596A and W610A mutants, as well as into two previously described mutants displaying a similar phenotype (G572A [23] and W631A [34] ), and the extent of gp120 shedding by the double mutants was determined (Fig. 3) . In all cases, gp120 shedding by the original gp41 mutant glycoproteins was significantly reduced in the cleavage-defective double mutants. These findings argue strongly that gp120 shedding by these gp41 mutants is not the result of nonspecific proteolysis of misfolded gp160. If specific proteolytic cleavage is partially compromised in these mutants, this is not reflected in the extensive degree of gp120 shedding. These findings support our initial conclusion that the absence of gp120 on the surface of cells expressing W596A, W610A, G572A, and W631A (and, by extension, the other association mutants) reflects a marked instability of the gp120-gp41 association.
The fusogenic potential of the mutant envelope glycoproteins bearing single mutations in the central gp41 ectodomain was determined by coculturing transfected COS-7 cells with a fusion partner, U87 cells expressing CD4 and CXCR4 coreceptor (15, 21) . In these studies, cells expressing the mutant envelope glycoproteins were immunochemically stained to determine the proportion involved in syncytia ( Fig. 4 ). Most mutants that behaved as the wild type did in biochemical analyses were able to mediate cell-cell fusion (viz., K588Q, K588E, I595A, K601E, S613A, T626M, and T639A). Only the Y586A mutant showed a minor deficiency in fusion. Elimination of the glycosylation sites in S613A, T626M, or T639A did not affect the fusogenicity of the envelope glycoprotein (see also references 17 and 27), nor did the reversal of the amino acid charge at positions K588 and K601. By contrast, an alanine mutation at E584 eliminated fusogenicity without an apparent effect on envelope glycoprotein biosynthesis. This finding is consistent with the role of E584 in salt bridge formation in the fusionactive core (25) .
Importantly, mutations that disrupted the maintenance of the gp120-gp41 association (viz., L593A, W596A, T606A, W610A, W614A, and W623A) were, for the most part, devoid FIG. 2. Expression of mutant envelope glycoproteins and gp120 shedding. Mutations were introduced into the HXB2 envelope glycoprotein expression plasmid by QuikChange (Stratagene, Inc.) mutagenesis (23, 34) . Mutant and wild-type (wt) envelope glycoproteins were transiently expressed in COS-7 cells upon transfection with Fu-Gene-6 reagent (Roche Molecular Biochemicals). Standards for gp160 and gp120 were obtained by expression of the cleavage-defective (cd) envelope glycoprotein and soluble gp120. (A) Cell lysates were resolved by sodium dodecyl sulfate-10% polyacrylamide gel electrophoresis, and the envelope glycoprotein was visualized by Western blot analysis with anti-gp120 monoclonal antibody Chessie B13 (1) and ECL-Plus detection (Amersham Pharmacia Biotech) (23, 34) . A residuum of cell-associated gp120 is seen in cells expressing soluble gp120. (B) Cell culture supernatants were collected, and gp120 was immunoprecipitated with the anti-HIV immunoglobulin HIVIG (28) . The cleavage-defective envelope glycoprotein served as a control for gp120 shedding and was subtracted for quantitation. In general, the mutant glycoproteins shed slightly more gp120 than the wild type (1.36 Ϯ 0.28), but significant differences among the mutants were not discerned. (C) Cells were biotinylated with the membrane-impermeant agent NHS-LC-biotin (Pierce Chemical) (23, 34) . Cell surface proteins were isolated with NeutrAvidin-agarose (Pierce Chemical) and deglycosylated by treatment with peptide-N-glycosidase F (New England Biolabs). The resulting polypeptides were detected by Western blot analysis with the gp120-specific monoclonal antibody Chessie 12 (1) and ECL-Plus imaging (23, 34) . All mutant envelope glycoproteins were transported to the cell surface comparably to the wild type (1.20 Ϯ 0.27). A dark image is used to display the deglycosylated gp120s. HXB2 gp160 and gp120 were deglycosylated to provide size markers (94 and 55 kDa, respectively).
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NOTES 4923 of fusion activity. The defect in fusogenicity appeared to be in part related to the extent of residual gp120 on the cell surface, in that only mutants L593A and W596A (2 and 13% residual gp120, respectively) retained some ability to mediate cell-cell fusion. This finding is consistent with our previous experience with association-defective mutants G572A, R579A, W628A, W631A, and I635A (23, 34) . The defect in fusion caused by the G572A or R579A mutation is so profound that HIV NL4-3 virions bearing these are entirely noninfectious and revertants could not be rescued by blind passage in cell culture (K. E. Follis and J. H. Nunberg, unpublished data). In summary, the pattern of envelope glycoprotein pheno-types uncovered in our mutagenesis studies reveals further evidence of the important role of the central ectodomain of gp41 in the association between HIV envelope glycoprotein subunits. Mutations in this region of gp41 give rise to envelope glycoproteins that are specifically deficient in maintaining the FIG. 3 . Effect of a secondary cleavage-defective mutation on gp120 shedding. Four mutant envelope glycoproteins that shed gp120 yet display only gp160 on the cell surface (W596A, W610A, and G572A [23] and W631A [34] ) were further mutated to specifically eliminate furin-like proteolytic cleavage of gp160 (12) . The effect on gp120 shedding of this second mutation (cleavage-defective [cd] mutant) was assessed by immunoprecipitation, as described in the legend to Fig. 2 . wt, wild type.
FIG. 4. Syncytium formation by mutant envelope glycoproteins. COS-7 cells expressing the wild-type (wt) or mutant envelope glycoproteins were cocultured with U87 cells expressing CD4 and CXCR4 (15) for 5 h as previously described (21, 23, 34) . Cultures were fixed with cold methanol-acetone (1:1) and immunochemically stained with HIVIG to reveal envelope glycoprotein-expressing cells and syncytia. The percentage, relative to the wild type, of envelope glycoproteinexpressing cells involved in syncytia containing three or more nuclei is indicated (Ϯ 1 standard deviation). cd, cleavage-defective mutant. a Imaging and Fuji Image Gauge quantitation (Measure Profile tool) of four independent and complete expression studies. The cleavage-defective mutant was used to determine the background in gp120 measurements, and all averages are ratios relative to the wild type. Italicized averages are constrained by definition. Mutants judged deficient in gp120-gp41 association are in boldface. Average values for all gp41 mutants are shown at the bottom.
b Total envelope glycoprotein (gp120 and gp160) in cell lysates ( Fig. 2A) . c gp120 in cell culture medium (Fig. 2B) . Absolute values of mutants and the wild-type reference varied among experiments, but overall averages revealed little variation among mutants.
d Peptide-N-glycosidase F deglycosylated gp160 (94 kDa) and gp120 (55 kDa) on cell surface (Fig. 2C ).
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NOTES J. VIROL. gp120-gp41 association on the cell surface. The examples described here add to those catalogued by us (23, 34) and by others (5, 25) . Mutations elsewhere in gp41 do not typically generate this specific defect (4, 5, 23, 25, 34, 37, 38) . The phenotypes identified in the present study are concordant with those of identical mutations previously described (e.g., L593A and K601E [25] and E584A [5] ), with the exception of our wild-type phenotype at T626M and T639A (compare to reference 5). The severe defects reported in reference 5 may be secondary to the intended mutation. Among the positions associated with gp120-gp41 instability in our study, several have previously been identified through other amino acid substitutions (e.g., L593V; W596F, -H, or -L; and W610F or -H) (25) . Taken together, these observations direct attention to a 70amino-acid region in the central ectodomain, flanking and including the disulfide-bonded loop, as promoting gp120-gp41 interaction. Evidence in support of the physical association between this region of gp41 and the gp120 subunit was previously provided through the identification of cysteine mutations in gp41 that allow the formation of disulfide bonds with engineered cysteine residues in the C1 or C5 region of gp120 (3). In our studies, the alanine mutation at T606, adjacent to one such cysteine mutation (T605C), eliminates gp120-gp41 association and suggests that this position may interact directly with gp120.
The central ectodomain of gp41 includes a large number of tryptophan and other bulky hydrophobic residues (Fig. 1) . When the four tryptophan side chains studied here, and two previously examined tryptophan residues (W628 and W631 [34] ), were individually mutated to alanine, all gave rise to envelope glycoproteins that were unable to maintain the gp120-gp41 association. Because bulky hydrophobic amino acids, including tryptophan residues, often contribute to the hydrophobic interactions that stabilize protein-protein interfaces (8, 18, 22) , we propose that the tryptophan residues identified here may be structured so as to form a hydrophobic face of gp41 in the native gp120-gp41 complex.
Our findings are consistent with a model in which the association between gp120 and gp41 is mediated across a buried hydrophobic interface in the virion envelope glycoprotein complex. Although the details of the gp120-gp41 interaction are unknown, early speculation suggested a "knob-and-socket" structure involving the disulfide-bonded loop of gp41 (30) . Mutational analysis of amino acids within the loop reveals relatively minor phenotypes and tends to disfavor this model (K601E [25] ). Recent studies by Sodroski and colleagues have identified mutations in a hydrophobic groove of the gp120 core (20) that is important for the interaction with gp41 (42) . This groove in the ␤-sandwich structure of the inner domain of gp120 includes portions of the C1 and C5 regions that have previously been implicated in the gp120-gp41 association (14, 39) . We speculate that these two regions, the ␤-sandwich structure of the gp120 inner domain and the central ectodomain of gp41, associate via specific hydrophobic interactions to contribute to the gp120-gp41 interface. The reported spectroscopic interaction between tryptophan residues in the central ectodomain of gp41 and a synthetic peptide corresponding to the C5 domain of gp120 (13) lends credence to this model. Strategies to stabilize the native gp120-gp41 association may offer promise for the production of envelope glycoprotein vaccine immunogens. This work was supported by National Institutes of Health grant AI054266.
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